During the past 25 years a significant amount of research has been conducted to determine amino acid requirements in humans. This is primarily due to advancements in the application of stable isotopes to examine amino acid requirements. The indicator amino acid oxidation (IAAO) method has emerged as a robust and minimally invasive technique to identify requirements. The IAAO method is based on the concept that when one indispensable dietary amino acid (IDAA) is deficient for protein synthesis, then the excess of all other IDAA, including the indicator amino acid, will be oxidized. With increasing intakes of the limiting amino acid, IAAO will decrease, reflecting increasing incorporation into protein. Once the requirement for the limiting amino acid is met there will be no further change in the indicator oxidation. The IAAO method has been systematically applied to determine most IDAA requirements in adults. The estimates are comparable to the values obtained using the more elaborate 24h-indicator amino acid oxidation and balance (24h-IAAO/IAAB) model. Due to its non-invasive nature the IAAO method has also been used to determine requirements for amino acids in neonates, children and in disease. The IAAO model has recently been applied to determine total protein requirements in humans. The IAAO method is rapid, reliable and has been used to determine amino acid requirements in different species, across the life cycle and in disease. The recent application of IAAO to determine protein requirements in humans is novel and has significant implications for dietary protein intake recommendations globally.
The study of amino acid requirements in humans has been an active area of research for the past 25 years with the introduction of stable isotope based carbon oxidation methods (1, 2) . This is a major advancement from earlier, when nitrogen balance was the primary method of choice to determine amino acid and protein requirements. The nitrogen balance technique has many limitations due to overestimation of nitrogen intake and an underestimation of nitrogen excretion. The net result leads to an overly positive balance and therefore underestimation of the requirement (1, 2) . Furthermore, the nitrogen balance method requires adaptation of the body urea pool to the test amino acid intake and this usually takes up to 7d (3) and therefore is not always suitable for application in vulnerable populations, such as children. Other methods such as measurement of growth (infants), plasma concentrations of urea and amino acids have been used to determine protein/amino acid requirements, although they all have potential drawbacks and are relatively insensitive (1) . Methods based on carbon oxidation measured using stable isotopes have proven to be more rapid and sensitive to changes in amino acid intakes and have resulted in identification of requirement values much higher than those based on nitrogen balance. Details about the scientific debate on requirement estimates and various methods used to determine requirements have been published previously (4 -8) .
During the recent Dietary Reference Intakes (DRI 2005) report and FAO report (in 2007) on protein and amino acid intake recommendations, requirement estimates for adult humans were based on a summary of studies conducted using carbon oxidation methods. Two methods were accepted as appropriate for the determination of amino acid requirements: the indicator amino acid oxidation method (IAAO), and the 24h-indicator amino acid oxidation and balance method (24h-IAAO/IAAB). Both methods involve feeding a range of test amino acid intakes and the measurement of a dose response in the oxidation of another amino acid (indicator amino acid), although the response pattern differs (Fig. 1) . The major methodological difference between the two techniques lies in the length of adaptation period to the specific test amino acid intake and duration of the study day, with the IAAO technique being a short-term adapted fed state model. Full details are given later. Due to its minimally invasive approach, the IAAO model has been applied to determine almost all indispensable dietary amino acid (IDAA) requirements in adult humans, neonates, children and in several disease states. The following is a description and comparison of the IAAO and 24h-IAAO/IAAB methods; requirement estimates derived using the methods, and the application of the IAAO method in children, and during disease; and the recent application of the IAAO method to determine protein requirements.
Methodological and data analysis considerations to determine amino acid and protein requirements
To define amino acid or protein requirements it is necessary to measure a sensitive physiological variable in response to graded intakes of test amino acid or protein ( Fig. 1 ). To make a more precise and statistically robust requirement estimate, it is also ideal to provide a range of test intakes from well below to above the expected mean requirement estimate. The range of test protein intakes allows the separation of the physiological variable into two distinct phases of a progressive increase or decrease until the requirement for the test amino acid is met, followed by a relative steady state ( Fig. 1 ). The inflection point referred to as the 'breakpoint' can then be identified using two-phase linear regression cross-over analysis. This model selects the minimum residual standard error in a stepwise partitioning of data points between two regression lines. The first regression line has a slope and the second line is horizontal with minimal or no slope. In our experience this statistical model is best suited to objectively determine nutrient requirements provided multiple test intakes are studied (8 -10) . The model also allows the calculation of 95 % confidence intervals (CI), which provides a population safe requirement estimate. Our view is supported by other researchers especially in animal nutrition (11, 12) , where determination of exact nutrient requirements has significant implications in optimizing feed costs.
Amino acid requirements in adult humans

Indicator amino acid oxidation
The IAAO technique is based on the concept that when one IDAA is deficient for protein synthesis, then all other amino acids including the indicator amino acid (another IDAA, usually L-[1-13C]phenylalanine) are in excess and are therefore oxidized (13) . This is primarily because excess amino acids cannot be stored and therefore must be partitioned between incorporation into protein or oxidation. With increasing intake of the limiting amino acid, oxidation of the indicator amino acid will decrease, reflecting increasing incorporation into protein (14) . Once the requirement is met for the limiting amino acid, there will be no further change in the oxidation of the indicator amino acid with increasing intake of the test amino acid (Fig. 1 ). The inflection point where the oxidation of the indicator amino acid stops decreasing and reaches a plateau is referred to as the 'breakpoint' (Fig. 2) . The breakpoint, identified with the use of two-phase linear regression analysis, indicates the estimated average requirement (EAR) of the limiting (test) amino acid (8, 13, 15) . This minimally invasive IAAO method has been systematically applied to determine most IDAA requirements in adult humans ( Table 1 ). The requirement values obtained using the IAAO method were used to derive amino acid intake recommendations in the recent DRI (1) and FAO (2) reports.
Advantages of the indicator amino acid oxidation technique
The IAAO method has several advantages in determining amino acid requirements when compared to the other available methods. The minimally invasive IAAO protocol involves 2 days adaptation to a fixed protein intake and study day adaptation to the test amino acid intake (16, 17) . Each study day involves 8 hourly meals, with sampling of breath for measurement of 13 CO 2 enrichment (F 13 CO 2 ), and urine for phenylalanine kinetics. This protocol has been validated for oral delivery of isotope (18) and measurement of urinary isotopic enrichment to calculate amino acid kinetics (19) . The short-term adapted fed state IAAO model allows each subject to participate in multiple studies over a range of intakes (deficient to excess), and the amino acid requirements of each individual can be determined. The breakpoint estimate of requirement is usually determined from the rate of oxidation (F 13 CO 2 ) of the labeled tracer (usually 1-13 C-phenylalnine). This is one of the key strengths of the IAAO method; this variable represents an end point measurement which takes into account all losses and uses by the body. Recently, we showed in healthy young adults that the breakpoint for indicator amino acid oxidation measured using F 13 CO 2 was very similar to the breakpoint for phenylalanine hydroxylation measured using apo B-100, a hepatic export protein which is synthesized from intrahepatocyte amino acids (20) ; and thus represents the intracellular enrichment of phenylalanine at the site of protein synthesis in the liver. These data provide strong support for the initial observation by Ball and Bayley (21) that phenylalanine oxidation was inversely related to change in liver protein synthesis. Amino acid oxidation measured using plasma enrichments may be in error, because plasma is not the true precursor pool from which protein synthesis takes place. Therefore, the use of F 13 CO 2 circumvents the complex issue of measuring the true precursor pool enrichment in humans during routine studies where relative rates are being compared.
The choice of indicator amino acid is critical to sensitively partition the response to graded test intakes between protein synthesis or oxidation. The criteria for selecting the indicator amino acid are: a) it must be dietary indispensable amino acid; b) it must have a carboxyl-labeled carbon that is irreversibly oxidized upon catabolism and is released to CO 2 , which can be quantitatively measured in breath; and c) it must have a small, well regulated pool within the body and not be involved in significant pathways other than incorporation into protein or oxidation to CO 2 . Phenylalanine, in the presence of excess tyrosine, fits all three criteria (10) . Lysine and the branched-chain amino acids (BCAA) fulfill criteria a) and b), although lysine has a large pool in the body and BCAA, particularly leucine, have a variable pool (22) and leucine has been shown to be involved in stimulating protein synthesis and insulin secretion (23) . During the initial development of the IAAO method in pigs, phenylalanine (in the presence of excess tyrosine) and lysine were shown to provide reliable estimates of tryptophan (24) and protein (21) requirements. Most of the IAAO studies conducted in humans thus far have utilized L-1-13 C-Phenylalanine in the presence of excess tyrosine as the indicator amino acid (Table 1 ). Leucine and lysine on the other hand have provided more variable breath CO 2 data in studies to determine the phenylalanine requirements of humans (25, 26) , and were found to be less suited as an indicator amino acid. In our opinion phenylalanine (in the presence of excess tyrosine) is the ideal indicator amino acid to determine amino acid and protein requirements.
One of the criticisms of the IAAO model has been that subjects are only adapted to the test amino acid intake on the study day. To examine whether additional days of adaptation are necessary to determine requirements using the IAAO method, Moehn et al. (27) tested phenylalanine oxidation following various periods of adaptation to varying lysine and protein intakes in growing and adult pigs. Phenylalanine oxidation was not different following either 2 or 10d of adaptation to lysine or protein intake. Furthermore, Elango et al. (28) recently demonstrated that L-[1-13 C]phenylalanine oxidation, measured as F 13 CO 2 which is the primary variable used for determination of the breakpoint, was not significantly different following 8 h, 3d or 7d of adaptation to a wide range of lysine intakes in young men. Therefore, the minimally invasive model provides valid estimates of amino acid requirements to be determined in short periods of time and thus is highly suitable for application in vulnerable populations.
24h-Indicator amino acid oxidation and balance (24h-IAAO and 24h-IAAB)
Young, Kurpad and co-workers (29) applied the IAAO method with modifications to include test amino acid intake adaptation for 6d followed by measurement of an indicator amino acid oxidation (usually 1-13 C-Leucine), during a 24 h period (12 h fasted and 12hfed). This method, referred to as 24h-IAAO, also allows the calculation of 24h-indicator amino acid balance (24h-IAAB), which is derived by subtracting leucine oxidation from leucine intake. This model uses intravenous isotope infusion for 24 h and involves collection of breath and blood samples for measurement of plasma enrichment of the isotope. The protocol is demanding and more invasive. Requirements have been estimated for lysine, threonine, methionine (with no cysteine), valine and phenylalanine in healthy well nourished Indians (30 -34) (Table 1 ). The 24h-IAAO/IAAB model was also applied to chronically undernourished Indian men to identify lysine and methionine requirements. These elaborate and expensive studies have provided valuable information with respect to the application of amino acid requirement values globally because they were the first to show that the amino acid requirement values are similar in populations of developing countries and are comparable to estimates obtained in healthy subjects of the Western world.
Comparison of requirement estimates for adult humans determined using IAAO and 24h-IAAO/IAAB methods
Comparisons can be made of requirement estimates determined using IAAO and 24h-IAAO/IAAB methods for lysine, threonine, methionine (with no cysteine) and phenylalanine (with no tyrosine). The method used for the determination of amino acid requirements does not appear to have a systematic effect on the estimate of requirement ( Table 2 ). The requirements for lysine and threonine determined by the IAAO method are higher than the requirements determined by the 24h-IAAO/IAAB method. Conversely, the requirement for methionine determined by the IAAO method is lower than the requirement derived by the 24h-IAAO/IAAB method. In all cases, the differences among the estimates are less than the typical measurement error. The fundamental difference between the two methods has been the period of adaptation, and measurements during .
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Kurpad et al. (34) * IAAO, Indicator amino acid oxidation; Studies conducted following 2d adaptation to protein intake, and study day (8h-fed) adaptation to test amino acid intake. † 24h-IAAO/IAAB, Indicator amino acid oxidation/indicator amino acid balance; Studies conducted following 6d adaptation to test amino acid intake, and study day 12h-fasted þ 12h-fed measurements. ‡ Methionine (with no cysteine). § Phenylalanine (with no tyrosine).
{ An upper limit of . 47 denotes an upper CI limit that was beyond the highest intake of 47 mg phenylalanine /kg/d and was not reliably estimated because it was beyond the range of study intakes.
fed-fasted conditions. As described above, in growing pigs, adult pigs (27) and adult humans (28) it has been shown that a prior adaptation period to various lysine intakes did not influence the primary variable (F 13 CO 2 ) used to determine the IAAO response. With respect to measurements during fed and fasted conditions, there is evidence from the 24h-IAAO/IAAB studies that the requirements for threonine or lysine derived from 12h-fed and 24 h oxidation measurements do not differ (30, 31) . Hence the measurements during the 12 h fasting period are not needed in order to define amino acid requirements, Virtually identical threonine requirements of 15 mg/kg per d and lysine requirements of 31 mg/kg per d are obtained by using either the 12h-fed IAAO measurements or 24h-IAAO/IAAB measurements. The 24 h IAAO/IAAB model is more demanding, time consuming and expensive to conduct than the fed state IAAO which only takes 8 h. Presumably for this reason, the range of test amino acid intakes tends to be much narrower and closer to the expected breakpoint ( Table 2 ). In the initial set of 24h-IAAO/IAAB studies the breakpoints were determined based on 4 test intakes (lysine requirements, refer Table 2 ). As detailed above in the section 'Methodological and data analysis considerations to determine amino acid and protein requirements', to confidently identify the breakpoint it is necessary to provide a range of test intakes well below and above the expected breakpoint. It can also be observed in most of the 24h-IAAB studies, that the upper 95 % CI (or population-safe) estimate either is a value that was not part of the included test intake, or could not be confidently identified (phenylalanine requirements). Furthermore not all subjects were studied at all levels of test amino acid intakes ( Table 2) . By comparison, the IAAO model is minimally invasive and relatively less demanding, more rapid and therefore allows multiple test intakes over a wide range from deficient to excess. Each subject is studied at all test intakes with the number of test intakes being 6 -7, thereby allowing the determination of individual amino acid requirements, as well as a statistically stronger estimate of the requirement. For these reasons, as well as the advantages of the IAAO method detailed above, it has been possible to apply the IAAO model to determine amino acid requirements in children and in disease.
Amino acid requirements in children
Determination of amino acid requirements in children has traditionally been difficult because it is impractical and unethical to feed deficient amino acid intakes for prolonged periods of time. Therefore, current recommendations for amino acids in children are based on a factorial method. Development of the minimally invasive IAAO model enabled the direct determination of requirements for: total BCAA (37) , total sulphur amino acids (TSAA) (38) , methionine (with cysteine) (39) and lysine (40) , in healthy school-age children (6 -11y) ( Table 3) . Requirement estimates in children were similar to the estimates in adult humans, which suggests that the experimentally derived values predominantly reflect maintenance requirements, and may not take into account all the growth needs (15) . Children of this age group (8-10y) are much slower growing (0·03 % /d) when compared to children such as neonates or adolescents who grow more rapidly. For example using the same IAAO method the lysine requirement in parenterally fed neonates was determined to be 105 mg/kg per d (41) , compared to 35 mg/kg per d in adults and school aged children. During the IAAO 8 h study protocol in school aged children, the estimate of amino acid requirement does include the requirement for both maintenance and growth, but since the maintenance component is the predominant part of most indispensable amino acid requirements except during stages of rapid growth (1) we predict that addition of the calculated growth component to the estimated EAR would ensure proper growth in rapidly growing children. The growth component is estimated from the rate of protein deposition for different age groups, the amino acid composition of whole body protein and the incremental efficiency of protein utilization (1) . The lysine required for growth in 8 -10y children is calculated as the product of rate of protein deposition (49 mg/kg per d) (1) and lysine composition of whole body (0·073 %) which is divided by 0·58, the efficiency of dietary protein utilization to yield a value of 6·1 mg/kg per d (40) (Table 3) .
We recently applied the IAAO method in healthy schoolaged children in India. The mean lysine requirement and the upper 95 % confidence interval for Indian children were determined to be 33·5 mg/kg per d and 46·6 mg/kg per d respectively (42) . The mean lysine requirements of Indian children were almost identical to those of Canadian children (35 mg/kg per d) (40) (Table 3 ). The Canadian children were 3·2 % and 17·7 % taller and heavier respectively, with a 1·5 % greater body fat percentage than the Indian children, although their ages and IAAO study protocol were identical (40, 42) . The similar lysine requirements resulting from these studies in two geographically and socio-economically distinct regions support the current global FAO (2) lysine recommendation of 35 mg/kg per d for children aged 3 -10 y. These results also suggest that there is no evidence of adaptation resulting in lower lysine requirements in the developing regions of the world such as India where a mainly cereal based diet limiting in lysine is consumed. 
Amino acid requirements in disease
Dietary management of specific diseases requires knowledge of nutrient requirements in order to have a successful clinical outcome. Metabolic disorders such as phenyketonuria (PKU) require tyrosine supplementation with phenylalanine restriction, and maple syrup urine disease (MSUD) requires BCAA restriction. The minimally invasive IAAO model was used to determine tyrosine (43) and phenylalanine (44) requirements in children with classical PKU and the requirements were found to be 19 and 14 mg/kg per d, respectively (Table 4 ). These values suggest that the ratio of aromatic amino acids is 60 and 40 % of tyrosine and phenylalanine, respectively, which is considerably different from the current recommendation of 80 and 20 % for the management of patients with PKU (44) . Similarly, the mean total BCAA requirements in MSUD patients was determined to be 45 mg/kg per d, compared to the requirements of 144 mg/kg per d in healthy people (45) (Table 5 ). Children with liver disease were thought to have increased BCAA requirements, based on measurements of plasma amino acid concentrations. We therefore applied the IAAO method using L-[1-13 C]phenylalanine to determine total BCAA needs in children with cholestatic liver disease (46) . The mean requirement was determined to be 209 mg/kg per d which is , 30 % higher than the mean requirement estimate of 147 mg/kg per d determined earlier in healthy children (37) (Table 5 ). Using a similar protocol, the mean total BCAA requirements in children post liver transplantation was determined to be 172 mg/kg per d (47) . Therefore, after liver transplantation BCAA requirements are lower than in children with liver disease, but higher than in healthy children. These IAAO derived requirement values are the first direct estimates of amino acid requirements in various disease states and disorders in children.
Protein requirements in humans
The current recommendations for protein requirements in adult humans are based on the recent DRI (1) and FAO (2) reports. The mean EAR and population-safe (RDA) recommendations for good quality protein were set at 0·66 and 0·8 g/kg/d, respectively. These recommendations were based on a meta-analysis of nitrogen balance studies by Rand et al. (48) , in which protein requirements were estimated by fitting a linear regression analysis model to the data and measuring zero nitrogen balance as the criterion of nutritional adequacy. However, the physiological response relationship between nitrogen intake and balance is not linear due to a decreased efficiency of protein utilization as zero balance is approached (49) . Because the physiological response relationship is curvilinear, a two-phase linear regression model (8) or a smooth non-linear model (50) has been proposed to be a more realistic biological analysis to determine protein requirements. The latter two models were however not adopted in the current DRI and FAO report because it was perceived that more data points on each individual were needed than were available in published studies. Also, in spite of the various limitations known, nitrogen balance remains the primary method for identifying protein needs, mainly because there has been no validated or accepted alternative method; there is a real need for a valid alternative method to assess protein requirements.
Re-analysis of nitrogen balance studies
Rand et al. (48) conducted a thorough and careful meta-analysis of published nitrogen balance studies to suggest protein intake recommendations. The analysis included 19 studies in which subjects were tested at 3 intakes for periods of 10 -14d, with urinary and faecal nitrogen collection during the final five days. The selected studies had test intakes around the expected requirements. Linear regression analysis was utilized to identify the intercept at zero balance, although the authors acknowledged that the nitrogen intake response curve is not linear (48) .
Biologically, higher intakes of protein in adults do not result in further protein accretion. Therefore at some point the slope of nitrogen balance versus protein intake must equal zero, further supporting the idea that simple linear regression analysis is not appropriate. We applied two-phase linear regression cross-over analysis to 28 nitrogen balance studies (51) including the 19 studies used by Rand et al. (48) for estimation of the current EAR and RDA using linear regression analysis. Our re-analysis included studies in which subjects were fed intakes above the expected requirements, which allowed us to partition the data for two-phase linear regression analysis (one line with ascending slope, and one line with minimal or no slope). Application of the two-phase linear regression model to the nitrogen balance data from 28 studies resulted in the estimation of a break point (mean, EAR) (47) of 0·91 g/kg/d protein and an upper 95 % confidence interval (population-safe, equivalent to RDA) of 0·99 g/kg/d (51) ( Table 6 ). These values are significantly higher than the current mean and population safe protein recommendations of 0·66 and 0·8 g/kg/d (1) .
Application of IAAO to determine protein requirements
The above described re-analysis of balance data highlighted the need to develop and validate alternative methods to determine protein requirements. Ball and Bayley (21) were the first to demonstrate, in growing pigs, that the indicator amino acid oxidation (IAAO) method could be used to determine protein requirements. Their results were not different from protein requirement estimates determined by growth experiments. Due to the various advantages of the IAAO method as described above we examined the total protein requirement in adult humans using the IAAO method (51) . Eight young adult subjects participated in seven studies each, in which they received graded intakes of protein ranging from 0·1 to 1·8 g/kg/d, and indicator amino acid (L-[1-13 C]phenylalanine) oxidation was measured on each day. The diets provided energy at 1·5 £ resting energy expenditure, with 33 % of energy from fat, and variable energy from carbohydrate (48 -66 %) and protein (1-19 %), based on the amino acid composition of egg protein. The intake of phenylalanine (indicator amino acid) was maintained constant, with excess tyrosine, to ensure that with increasing intakes of total protein nitrogen the indicator amino acid was partitioned between oxidation and protein synthesis. With increasing protein intakes, oxidation of phenylalanine decreased until a breakpoint was reached (between an intake of 0·9 and 1·2 g/kg/d). There was no further decrease in phenylalanine oxidation with increasing protein intake, suggesting no further incorporation of the indicator amino acid into protein. Application of the two-phase linear regression analysis to the data identified a breakpoint (mean requirement) and the upper 95 % CI, population-safe requirement. The mean and population safe requirements were determined to be 0·93 and 1·2 g/kg/d and are 41 % and 50 %, respectively higher than the current DRI recommendations ( Table 6 ). The IAAO based protein requirement values and the re-analysis of preexisting nitrogen balance studies using two-phase linear regression analysis support each other (51) . Most recently, the IAAO method has been used to determine protein requirements in 6-10 y old children and the mean and safe protein requirements were determined to be 1·3 and 1·55 g/kg/d, respectively (52) . The current DRI (1) and FAO (2) recommendations are set at 0·76 and 0·85 g/kg/d. The new values are significantly higher than current recommendations and therefore there is an urgent need to re-assess recommendations for protein intake in humans.
Summary
In conclusion, the IAAO method is a robust, rapid and reliable method to determine amino acid requirements in different species (9, 14, 21) , across the life cycle (18, 40, 41) and in disease (43 -47) .
Theoretically the 24h-IAAB model is considered to be better suited to determine amino acid requirements (1, 2) , although from a practical aspect the IAAO method is far better suited. Furthermore, the IAAO and 24h-IAAB methods provide similar requirement estimates for the amino acids, lysine, threonine, methionine and phenylalanine, for which both methods have been applied, and there does not appear to be a systematic bias due to the choice of method. Due to the minimal invasive nature of the IAAO method it is now possible to determine amino acid and protein requirements in other vulnerable populations, including pregnant and lactating women, and the elderly. The recent adaptation of the IAAO method to determine protein requirements in adult humans and children is novel. The results suggest that current mean protein intake recommendations in adults (0·66 g/kg/d) and children (0·76 g/kg/d) are significantly underestimated compared to the IAAO method based requirement of 0·93 g/kg/ d (51) and 1·3 g/kg/d (52) , respectively. These results have critical significance for populations living in developing countries. (2) (g/kg per d) N Balance (re-analyzed) ‡ (51) (g/kg per d) IAAO § Adults (51) (g/kg per d) IAAO § Children (52) 
